T he great German plant physiologist Wilhelm Pfeffer rightly claimed that "no plant is entirely without the power of movement" (1) . If this fact remains underappreciated, it is perhaps because plant movements typically unfold over minutes, hours, or days, and thus exceed the attention span of all but the most dedicated observer. Among the large array of plant movements, the tropisms-that is, those movements that are directed toward or away from an external stimulus such as gravity or light-are the most fascinating because they highlight beautifully the sentient nature of plants and the goal-directedness of their growth habit. The pervasiveness of plant tropisms is revealed when one stops to consider the unlikeliness that seeds lodged haphazardly within the crevices of a rugged terrain should sprout stems that reliably find their way up. Were it not for the ability of the young plants to sense light and gravity, forests would be impenetrable tangles of stems and branches growing in all directions. Their prevalence in the plant kingdom explains why tropisms have been an active area of research since the beginning of the 19th century. By the end of the 19th century, the field had reached such a level of development and popularity that eminent biologists, including Charles Darwin and Pfeffer, could devote entire books to the topic (1, 2) . Given this long and illustrious tradition of research, one might expect today's biologists to have extracted all useful information from standard observational research of plant tropisms. A paper published in PNAS should convince the readers that much can still be learned from careful, quantitative observation of biological processes. In a systematic study of shoot gravitropism in 11 taxa, Bastien et al. (3) at once establish the universal response to gravity as a process of initial stem curving followed by apical straightening and debunk the idea that current models of gravitropism offer a plausible explanation for the process.
The standard model of gravitropism can be traced back to Julius Sachs, who stated that the component of gravity acting at right angle to a plant axis (a stem or root) determines the strength of the stimulus (4) . Accordingly, the gravitropic response should be proportional to the sine of the angle between the organ axis and the vertical; thus, a stem placed horizontally would show the strongest response, which would then gradually decline as the stem approaches the vertical. Since its formulation, Sachs' sine law has been validated repeatedly, sometimes with minor modifications (5, 6) . It was also noted that the sedimentation of statoliths within gravisensing cells would lead to some form of sinusoidal dependence on angle (7, 8) . Thus, the sine law, despite its simplicity, offered a good fit of overall plant response to gravity and even enjoyed some level of mechanistic justification in the sedimentation pattern of statoliths.
The shortcomings of the sine law surface when one attempts to build a regulatory model out of it. To develop such a model, one must ask where gravity is sensed and how the sensing elements respond to a gravitropic stimulus. In the case of the root, gravity sensing is limited to the columella cells of the root cap (9, 10). The signal is then transmitted to the elongation zone via a redistribution of auxin flow (11, 12) . The stem, however, shows a notable difference from the root. Experimental evidence indicates that the entire stem senses gravity and can responds to it locally (13, 14) whereas the apex itself appears to play no particular role, since decapitated plants respond normally to gravity (15) . As Bastien et al. (3) clearly show, a stem whose distributed gravisensing elements react to gravistimulation according to the sine law would zigzag about the vertical repeatedly without ever reaching a stable configuration. This response arises because the basal elements of the stem keep responding to gravity and, therefore, keep curving upward long after the apical region of the stem has reached the vertical. As a result of the sustained curving of the basal elements, the stem apex overshoots its target repeatedly (Fig. 1A) . Moreover, the apical straightening that is an integral part of the gravitropic response of stems is never fully achieved in a model based on the sine law. It thus appears that a crucial element is missing from the standard model of gravitropism.
The solution put forward by Bastien et al. (3) implicates a form of plant proprioception called autotropism. Autotropism is the Newton's first law of plant tropisms; that is, in the absence of external stimuli, plant organs maintain straight growth. Thus, elongating stem segments that are not receiving a gravitropic stimulus telling them to bend would naturally straighten under their internal autotropic response. Autotropism was already known to Pfeffer and his contemporaries (1), and the counteracting role it plays with gravitropic curving has also been included in models (16, 17) . Despite these precursors, the model put forward by Bastien et al. (3) Fig. 1 . Shoot gravitropism beyond the sine law. (A) Diagrams of a stem responding to gravity according to the sine law. Sensing and curving are distributed over the entire length of the stem. The orange arrows indicate the component of the gravity vector (g) that serves as the effective bending stimulus (s). The stem repeatedly overshoots the vertical because the basal part of the stem is still receiving a strong stimulus and is therefore actively curving even as the apical part approaches the vertical. (B) The gravitropic response of Impatiens glandulifera sketched from Pfeffer's original photographs. This plant is a prime example of a gravitropic response with a large bending number (B ∼ 9). It overshoots the vertical twice, thus forming first a "C" and then a "S" shape, but ultimately converges on a stable configuration whereby a large section of the stem is straight. The first two time points of the response highlight the development of curvature over the extensive growth zone (L gz ), whereas the last time point shows the curvature converging ultimately to a much shorter length scale (L c ). The rapid convergence to an erect configuration is indicative of the stabilizing effect of autotropic straightening in gravitropic responses. distinguishes itself by its simplicity and elegance-it is, in fact, the minimal model compatible with the two opposing "forces" of gravitropic bending and autotropic straightening.
Unlike models based solely on Sachs' sine law, the gravitropic/autotropic model put forward by the authors explains why the universal gravitropic response in plant stems proceeds from an initial overall bending of the stem followed by basipetal straightening (3, 18) . As shown in their paper (3), a stem placed horizontally will rapidly converge to a steady-state solution where the stem angle (A) decreases exponentially over the length (L gz ) of the growth zone:
In this equation, L c is the length scale over which the stem angle changes when the plant has completed its response to gravity. L c is set by the relative strength of the gravitropic (bending) and the autotropic (straightening) responses. If the gravitropic response dominates, L c is small, indicating that the stem angle changes over a short distance, thus imposing a high local curvature. In contrast, a large L c indicates a dominant autotropic reaction, which prevents the development of strong curvature at any point along the stem.
The major breakthrough of this work is the conclusion that the two lengths L gz and L c govern the entire gravitropic response of a plant. The authors define a nondimensional bending number B as L gz /L c . This ratio captures explicitly the spatial aspect of the gravitropic response (i.e., it is the ratio of two important lengths in the system), but it also, implicitly, captures a temporal feature of the gravitropic response because the length of the growth zone (L gz ) is the initial distance over which the curvature is observed, and L c is the final distance over which the stem will be curved when the gravitropic response has been completed (Fig. 1B) . It is the implicit Future research will have to include autotropic straightening as an integral part of shoot gravitropism.
temporal component of the bending number that makes it a useful metric of gravitropic responses in plants. For a plant to show an effective rectifying response to gravity, it will need a zone of curvature production (i.e., growth zone) at least as long as the intrinsic length scale (L c ) set by the internal balance of gravitropic and autotropic reactions. In other words, bending numbers are typically greater than 1. For B values close to 1, the length of the growth zone is comparable to the length over which curvature will be present when the gravitropic response has been completed. Therefore, the stem approaches the vertical smoothly without overshooting. For large B values, the length of the growth zone greatly exceeds the region of final curvature. As a result, curvature will initially develop over a large region of the stem before converging to a smaller region. In the convergence process, the stem will zigzag around the vertical, forming first a "C" shape and possibly a "S" shape. The largest B value recorded so far, approximately 9, is for the Impatiens plant studied by Pfeffer himself (Fig.  1B ). An infinite B is obtained if the gravitropic curving overpowers the autotropic straightening. In this case, we recover the sine law model and the plant never really settles into a steady-state vertical position.
The beauty of the bending number resides in the fact that it can be measured directly from images taken early and late in the response of gravitropically stimulated plants (Fig. 1B) . Simple length measurements performed on these two endpoints can tell us everything that has occurred in the intervening time. Overall, the study of Bastien et al. (3) offers an exquisite example of the power of quantitative observations even in the context of a century-old problem such as gravitropism. Future research will have to include autotropic straightening as an integral part of shoot gravitropism.
